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Abstract: In this paper, atmospheric pressure plasma jet is generated in a quartz tube and
the working gas is the mixture of Ar and CF4. Comparing to working gas of pure Ar, after
adding CF4 to Ar gas as the working gas, the length of the plasma becomes shorter and the
colour of plasma turns from purple to yellow. After treated by APPJ, the water contact
angle of EP decreases, which means the hydrophilia of EP increases. Comparing to pure Ar,
after adding CF4 to the working gas, the hydrophobicity of EP increases relatively. The
spectrum chart shows the increase of CF3 radicals as we increase the concentration of CF4
to the working gas.
Keywords: epoxy resin, atmosphere pressure plasma jet, surface modification, hydrophilia

1.Introduction
Atmosphere pressure plasma jet (APPJ) has attracted

considerable attention due to its potential use in many
applications such as biomedicine[1] and material
treatment[2-4]. Atmospheric plasma jet can be generated
directly in the atmosphere and is less restricted by the
surrounding environment. What’s more, atmospheric
plasma jet can handle irregular surface materials, and it is
easy to realize large-scale processing. The processing
distances of electrons, ions and active components in the
plasma jet can be up to 5cm-10cm[5]. Therefore, APPJ is
widely used for film deposition and surface etching of
materials. Finally, due to the difference of the working
gas, the active particles contained in the atmospheric
plasma jet will also change[6]. Therefore, the selection of
different types, or different concentrations of the same
type of working gas to treat the material, the material
surface will have different treatment effect.
Epoxy resin (EP) is the general name of a kind of

polymer containing more than two epoxy groups in
molecules. Due to the good electrical properties of epoxy
resin materials, it is widely used as an insulating material
in electrical equipment. In order to enhance the electrical
properties of EP surfaces, many researchers use APPJ to
modify the EP surface. Alexey Kondyurin and Marcela
Bilek[7] observed the structural changes and etching
processes, associated with argon plasma and plasma
immersion ion implantation treatment in uncured epoxy
resin coatings . The process of structure degradation is
observed to be independent of the functionality and size
of the chemical group being degraded. Shao Tao et al[8]
investigated the effects of surface charge on DC surface
flashover characteristics for original and treated EP by
APPJ. They discovered that with the increase of the

plasma treatment time, the peak value of surface charge in
the center of the samples decreases.
One of the effective methods for surface modification

of materials is plasma treatment[9,10], and the plasma
with CF4 as working gas has received close attention due
to its mild etching effect and strong fluorination
characteristics[11,12]. In order to investigate the effect of
surface modification by APPJ and the influence of
different content of CF4 in the working gas. In this study,
Ar/CF4 were used as the working gas to generate the
APPJ and treat the surface of EP. The flow rate of Ar was
maintained while the content of CF4 was changed from 0
to 80sccm (standard cubic centimeter per minute).

2.Experimental Setup
The EP used in the study is 3240 epoxy resin and the

thickness of it is 1mm. The schematic of the experiment is
shown in Fig. 1. The APPJ is driven by the high voltage
pulsed generator (HV-2015, Xi ’an Lingfeng Co., Xi ’an)
with frequency from 1 Hz to 100 kHz and voltage from 0
to 20kV. In this study, the frequency is 10 kHz and
voltage is 3.2 kV. The Ar and CF4 gas was controlled by
the flow meter (DSN-100, Dexin Technology Electronics
Co., Dongguan) and the maximum flow rate is 5slm
(standard litre per minute). The Ar (purity:99.999%) and
CF4 (purity:99.999%) gas flows through the quartz tube.
In this experiment, the flow rate of Ar gas is always
maintained at 3slm, while the content of CF4 is not fixed.
The treating time of each group of experiments is 40 s. In
order to exhaust the air in the quartz tube, the working gas
was injected for 1min before the experiment to ensure the
purity of the working gas.
The plasma generator used in this paper is a needle ring
structure based on DBD principle. The needle electrode is
connected with the positive electrode of high-frequency
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pulse voltage and the other end is inserted into the quartz
tube.The ring electrode is wrapped outside the quartz
tube.The inner radius of the tube is 4 mm and the outer
radius is 5 mm, The thickness of the ring is 6mm, the ring
is 5mm from the inner tip of the pipe and 2 mm from the
nozzle. The ring electrode is grounded.

Fig. 1. Schematic diagram of APPJ experimental device.
The four-channel oscilloscope (Tektronix MDO 3034)

was used to record the waveform of voltage and current,
which has a real-time sampling of 5 Gs/s and bandwidth
is 1 GHz. The high-voltage probe (Tektronix P6051A)
was used to measure the voltage waveform while the
current probe (Pearson 2877) was used to measure the
current. Water contact angle tester (JGW-360A, Chenghui,
Shandong, China) was used to test the static water contact
angle. The spectrum is recorded by spectrometer (Ocean-
HDX-UV-VIS).

3.Results and Discussion
3.1 Electrical characterization
When the applied voltage amplitude is 3.2 kV, the

frequency is 10 kHz, the distance between the tube orifice
and EP surface is 7 mm and Ar gas velocity is fixed at 3
L/min, The discharge image of atmospheric pressure Ar
plasma jet is displayed in Fig. 2. The colour of the Ar
plasma is purple because the influence of excited Ar
species. the length of the jet is about 38 mm. After adding
CF4 into the plasma, The colour of the plasma turn to
yellow and the length of the jet becomes shorter. The
colour of the plasma changes because after adding CF4,
There are species containing the F element in the plasma.
As the content of CF4 increases, the colour of plasma jet
gradually develops from purple to yellow, and the length

of plasma jet gradually decreases. The shape of the
plasma is stable because the mode of discharge is glow
discharge at 3.2 kV.
The voltage waveform and current waveform of APPJ

discharge are shown in Fig. 3. From the picture we can
see that in the rising edge of the voltage there is a positive
current peak in the falling edge there is a negative current
peak. Because of the high frequency, the applied voltage
can be considered as a constant.
In the case of pure Ar, the value of the positive peak of

current is 364 mA and the negative current peak is
268mA. After adding CF4, the current changed
slightly.After adding 20sccm CF4 in 3slm Ar, The value
of the positive peak of current is 476 mA and the negative
current peak is 356mA. After adding 40sccm CF4 in 3slm
Ar, The value of the positive peak of current is 500 mA
and the negative current peak is 508mA.After adding
60sccm CF4 in 3slm Ar, The value of the positive peak of
current is 492 mA and the negative current peak is
340mA.After adding 80sccm CF4 in 3slm Ar, The value
of the positive peak of current is 404 mA and the negative
current peak is 380 mA. After adding CF4, the current of
plasma increases about 100-150 mA.

(a)

(b)
Fig. 2. The change of APPJ at different content of CF4.



Fig. 3. Comparison of the I–V characteristics of He APPJ
at different content of CF4. (a) pure Ar, (b) Ar+20sccm
CF4, (c) Ar+40sccm CF4, (d) Ar+60sccm CF4, (e)
Ar+80sccm CF4.

3.2 Water contact angle
The water contact angle of untreated EP is 71.58°. Five

groups of experiments were carried out under different
working gas: (a) 3slm Ar; (b) 3slm Ar+20sccm CF4; (c)
3slm Ar+40sccm CF4; (d) 3slm Ar+60sccm CF4; (e) 3slm
Ar+80sccm CF4. Each set of experiments was repeated 10
times and get the average value of the water contact angle.
From Fig. 4, after treated by APPJ of pure Ar, the water
contact angle changes to 32.47 ° . The hydrophilia of the
EP surface increase a lot. When we added CF4 into Ar as
the working gas, the water contact angle changed.
Comparing to pure Ar, after adding 20sccm CF4, the
water contact angle increases to 55.79 ° . After adding
40sccm CF4, the water contact angle increases to 57.68° .
After adding 60sccm CF4, the water contact angle stopped
increasing and decrease to 54.19 ° . After adding 80sccm
CF4, the water contact angle maintain in 54.61°.
After treated by the plasma, the water contact angle of

EP surface decreased. There are two reasons for this
phenomenon: for one thing, the Ar plasma is consist of
many energetic particles. EP is etched by the plasma and
the surface of EP becomes more rough. According to the
theory of Wenzel,[13] when the contact Angle is less than
90°, increasing roughness of EP surface results in smaller
contact Angle. Secondly, the atmospheric pressure Ar

Fig. 4. Water contact angle of EP after treated by APPJ of
different concentration of CF4.
plasma contains many active oxygen groups, which are
highly hydrophilia groups. Comparing to pure Ar, after
adding CF4, the water contact angle increase significantly.
The reason for this phenomenon is that after mixing CF4
as working gas, there were active groups associated with
fluorine, which are hydrophobic groups. These groups
attached to the surface of the material so after adding CF4,
the water contact angle relatively increased. These will be
confirmed by the subsequent results.
The water contact Angle generally increases because

when the treated material is placed in the air, its surface
properties will degrade to some extent, which is called
"aging effect"[14]. Except in the case of 20sccm CF4, The
water contact angle recovers significantly because the
treatment time of our experiment is short and the surface
composition is not particularly stable.

3.3 Spectral characterization
The spectrum of Ar+CF4 APPJ at different content of

CF4 is shown in Fig. 5. The excited species are detected
by spectrograph and the optical fiber was placed in the
orifice of the quartz tube. The spectrograph detected the
excited species of plasma plume. In our study, we mainly
discuss the excited species in the plasma plume because it
is where the plasma interacts EP surface. The excited
species include OH radical (309nm), the second positive
system of N2 (SPS: C3Πu-B3Πg)[15], CF3 (the center is
614nm)[16] and Ar.
In the case of pure Ar, the intensity of OH radicals peak

is about 6.5×104 , the intensity of the highest peak of N2 is
about 2.2×104 and the intensity of the highest peak of Ar
is about 6.2 ×104. After adding CF4 as working gas, the
intensity of OH, N2 and Ar decrease significantly. As the
increase of the CF4 content, the intensity of OH, N2 and
Ar continue to decline.
4 Conclusion

In this paper, the surface modification on EP by Ar
and Ar/CF4 is studied. Conclusions are as follows:
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Fig. 5. Comparison of the spectrum of Ar+CF4 APPJ at
different content of CF4. (a) pure Ar, (b) Ar+20sccm CF4,
(c) Ar+40sccm CF4, (d) Ar+60sccm CF4, (e) Ar+80sccm
CF4.
The length and colour of the atmospheric plasma are

connected with the composition of the working gas. As
we increase the concentration of CF4 to the working gas.
The length of the plasma decreases significantly and the
colour of the plasma turns from purple to yellow.
After treated by atmospheric pressure Ar plasma and

Ar/CF4 plasma, the hydrophilia of the EP surface both
increase. Comparing to the pure Ar, after adding CF4 to
the working gas, the water contact angle increase
relatively.
A large number of excited OH, N2, CF3, Ar and other

active particles are generated in the discharge process of
atmospheric pressure plasma jet. For one thing, EP is
etched by these active particles and the surface roughness
of EP increased. Secondly, the atmospheric pressure Ar
plasma contains many active oxygen groups, which are
highly hydrophilia groups. The two reason resulted in the
increase of hydrophilia on EP surface. What ’ s more, the
water contact angle in the case of Ar/CF4 relatively
increased because of there are many particles in the
plasma, which are hydrophobic groups.

4.References
[1] E. A. J Bartis, C. Barrett, T. Y. Chung, N. Ning, J. W.
Chu, D B Graves, J. Seog, G. S. Oehrlein, Deactivation of
lipopolysaccharide by Ar and H2 inductively coupled
low-pressure plasma, J. Phys. D: Appl. Phys. 47 (2014)
045202.
[2] X. Pei, X. Lu, J. Liu, D. Liu, Y. Yang, K. Ostrikov,
Paul. K. Chu, Y Pan, Inactivation of a 25.5 µm
Enterococcus faecalis biofilm by a room-temperature,

battery-operated, handheld air plasma jet, J. Phys. D:
Appl. Phys. 45 (2012) 165205.
[3] M. Laroussi, T. Akan, Arc-free atmospheric pressure
cold plasma jets: a review, Plasma Processes Polym. 4
(2007) 777-788.
[4] A. Schutze, J. Y. Jeong, S. E. Babayan, J. Park, G. S.
Selwyn, R. F. Hicks, The atmospheric-pressure plasma jet:
a review and comparison to other plasma sources. IEEE
Trans. Plasma Sci. 26 (1998) 1685-1694.
[5] X. Lu, M. Laroussi, V. Puech, On atmospheric-
pressure non-equilibrium plasmajets and plasma bullets,
Plasma Sources Sci. Technol. 21 (2012) 34005–34021.
[6] Sile Chen, Xingyu Chen, Congwei Yao, Guimin Xu,
Zhengshi Chang, and Guan-Jun Zhang, Electrical and
spectral characterization of an atmospheric pressure He/
CF4 plasma jet.,Physics of Plasmas, 25 (2018) 083510.
[7] Alexey Kondyurin, Marcela Bilek,Etching and
structure transformations in uncured epoxy resin under rf-
plasma and plasma immersion ion implantation, Nuclear
Instruments and Methods in Physics Research B, 268
(2010) 1568–1580.
[8] Tao Shao, Fei Kong, Haofan Lin, Yiyang Ma, Qing
Xie, and Cheng Zhang, Correlation between Surface
Charge and DC Surface Flashover of Plasma Treated
Epoxy Resin, IEEE Transactions on Dielectrics and
Electrical Insulation, 25 (2018) 1267-1274.
[9] N. Gomathi, A. Sureshkumar, S. Neogi, RF plasma-
treated polymers for biomedical applications, Current Sci.
94 (2008) 1478-1486.
[10] Le Q T, Pireaux J J, Verbi st J J. Surface
modification of PET films with RF plasma and adhesion
of in situ evaporated Al on PET, Surface and Interface
Analysis, 22 (1994) 224-229.
[11] Sigurdsson S, Shishoo R, Surface properties of
polymers treated with tetrafluoromethane plasma, Journal
of Applied Polymer Science, 66 (1997) :1591-1601,
[12] Gao S H, Gao L H, Zhou K S, Super-hydrophobicity
and oleophobicity of silicone rubber modified by CF4
radio frequency plasma. Applied Surface Science, 257
(2011) 4945-4950.
[13] Wagner H E, Brandenburg R, The barrier discharge:
basic properties and application to surface treatment,
Vacuum, 71 (2003) 417-436.
[14] Hao Zhiyuan, Ji Shengchang, Song Ying,
Experimental Research on Surface Modification of
Polytetrafluoroethylene by Ar Atmospheric Pressure
Plasma Jet, Journal of Xi’an Jiaotong University, 48
(2014) 0253-987X.
[15] T. Shao, C. Zhang, Z. Fang, Y. Yu, D. Zhang, P. Yan,
Y. Zhou, and E.Schamiloglu, “ A comparative study of
water electrodes versus metal electrodes for excitation of
nanosecond-pulse homogeneous dielectric barrier
discharge in open air”, IEEE Trans. Plasma Sci., 41 (2013)
3069 - 3078.
[16] D.L Flamm,Mechanisms of radical production in
radiofrequency discharges of CF3Cl, CF3Br, and certain
other plasma etchants: Spectrum of a transient species, J.
Appl.Phys, 51 (1980) 5688-5692.

file:///E:/%E8%BD%AF%E4%BB%B6/%E6%9C%89%E9%81%93/Dict/8.5.1.0/resultui/html/index.html
javascript:;
javascript:;

